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In Brief
The developed acetylated
LysargiNase (Ac-LysargiNase),
with superior activity and stabil-
ity, provides complementary ion
types compared with trypsin for
MS/MS analysis. Based on the
two mirror proteases, we devel-
oped a novel de novo sequenc-
ing algorithm, pNovoM, which
performed with higher efficiency
and accuracy compared with
other software tools.

Graphical Abstract

Highlights

• The developed Ac-LysargiNase showed higher stability and activity than before.

• The merged spectra of the mirror peptides achieved nearly complete ion coverage.

• pNovoM obviously increased the efficiency and accuracy of peptide sequencing.

• The mirror enzymatic strategy achieved precision de novo sequencing on proteome scales.
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Precision De Novo Peptide Sequencing Using
Mirror Proteases of Ac-LysargiNase and
Trypsin for Large-scale Proteomics*□S

Hao Yang‡§§, Yan-Chang Li§ §§, Ming-Zhi Zhao§ §§, Fei-Lin Wu§, Xi Wang‡,
Wei-Di Xiao§, Yi-Hao Wang§, Jun-Ling Zhang§, Fu-Qiang Wang§, Feng Xu§,
Wen-Feng Zeng‡, Christopher M. Overall�, Si-Min He‡ ��, Hao Chi‡ ¶¶,
and Ping Xu§¶**‡‡

De novo peptide sequencing for large-scale proteomics
remains challenging because of the lack of full coverage
of ion series in tandem mass spectra. We developed a
mirror protease of trypsin, acetylated LysargiNase (Ac-
LysargiNase), with superior activity and stability. The mir-
ror spectrum pairs derived from the Ac-LysargiNase and
trypsin treated samples can generate full b and y ion
series, which provide mutual complementarity of each
other, and allow us to develop a novel algorithm, pNovoM,
for de novo sequencing. Using pNovoM to sequence pep-
tides of purified proteins, the accuracy of the sequence
was close to 100%. More importantly, from a large-scale
yeast proteome sample digested with trypsin and Ac-
LysargiNase individually, 48% of all tandem mass spec-
tra formed mirror spectrum pairs, 97% of which con-
tained full coverage of ion series, resulting in precision
de novo sequencing of full-length peptides by pNovoM.
This enabled pNovoM to successfully sequence 21,249
peptides from 3,753 proteins and interpreted 44–152%
more spectra than pNovo� and PEAKS at a 5% FDR at
the spectrum level. Moreover, the mirror protease strat-
egy had an obvious advantage in sequencing long pep-
tides. We believe that the combination of mirror prote-
ase strategy and pNovoM will be an effective approach
for precision de novo sequencing on both single proteins
and proteome samples. Molecular & Cellular Proteomics
18: 773–785, 2019. DOI: 10.1074/mcp.TIR118.000918.

De novo sequencing is an alternative approach to identify
unknown proteins, post-translational modifications (PTM)1

and amino acid mutations, which deduces peptide sequences
directly from tandem mass spectra (MS2) instead of searching
reference databases (1, 2). This technique is applicable to

protein expression profiling or sequencing pure proteins if no
accurate proteome database is available (3–6).

The challenge in de novo sequencing is mainly because of
the poor coverage of ion series after the precursor ions frag-
mented in MS. This is even more complicated as multiple and
redundant ion series are present with the high background
noises (7, 8). To improve the coverage of ion series, combi-
nation of various fragmentation modes, such as collision-
induced dissociation (CID)/electron transfer dissociation
(ETD) (9, 10), higher-energy collisional dissociation (HCD)/ETD
(11, 12), CID/HCD/ETD (13) and electron-transfer/higher-en-
ergy collision dissociation (EThcD) (14, 15), were investigated.
Although the combination can improve the coverage of ion
series, these technologies depend heavily on additional MS
equipment, and the low throughput caused by the slow scan
speed of ETD is also a limitation (16). In the meantime, several
de novo sequencing algorithms have been developed, such
as PEAKS (17), PepNovo (18, 19), NovoHMM (20) and pNovo
(11, 21), as well as various machine learning approaches,
including Open-pNovo (22), Novor (23), UVnovo (24, 25) and
DeepNovo (26). Although these existing methods partially
improved the performance of de novo sequencing, the preci-
sion and throughput were still far lower than those of data-
base search. Muth et al. (27) reported that less than 40% of
the full-length peptide sequences were consistent with the
results from database search regardless of which de novo
sequencing algorithm was tested.

Heck and Overall groups reported the development of se-
quencing techniques using mirror proteases, such as Lys-N
and Lys-C, LysargiNase and trypsin. These proteases can
produce complementary mirror peptides with basic amino
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acid residues (K/R) at their N- and C-termini, which allowed
them to generate a decent coverage of b and y ion series
(28–30). However, cleaving at N- and C-termini of lysines
alone with Lys-N and Lys-C respectively results in long pep-
tides, which makes it difficult to generate a full coverage of ion
series with MS (11). Alternatively, the pair of mirror protease
LysargiNase (31, 32) and trypsin, which cleaves at both N-
and C-termini of lysines and arginines to generate relatively
shorter peptides, is potentially more suitable for powerful de
novo sequencing (11).

Here, we developed an Ac-LysargiNase with superior ac-
tivity and stability. The combination of Ac-LysargiNase and
trypsin can dramatically improve the coverage of b and y ions,
respectively, which allowed us to develop a novel de novo
sequencing algorithm, pNovoM. We used these techniques to
sequence the full-length light and heavy chains of purified
antibodies and achieved 1% FDR at the amino acid level. We
applied the same technique to yeast and Escherichia coli
proteome samples, and about 50% of the peptides generated
from trypsin and Ac-LysargiNase digested samples are paired
mirror peptides, 97% of which have full coverage of b or y ion
series in mirror spectrum pairs and hence achieved for the
first time high-throughput and high-precision de novo se-
quencing of a complicated proteome sample.

MATERIALS AND METHODS

Plasmids, E. coli and Yeast Strains and Cell Culture—The plasmids,
E. coli and yeast strains used in this study are described in supple-
mental Table S1. The recombinant E. coli strain XPZ1 was con-
structed to express pro-LysargiNase (32, 39). The strain was cultured
at 37 °C in LB medium (0.5% yeast extract, 1% tryptone and 1%
NaCl). The two monoclonal antibodies (PXL1 and PXL2) were ex-
pressed in Chinese hamster ovary (CHO) cells. The yeast strain
JMP024 was cultured at 30 °C in YPED medium (1% yeast extract,
2% Bacto-peptone and 2% dextrose) and was harvested in the early
log phase (A600 � 1.5) (33).

Production of LysargiNase and Ac-LysargiNase—The E. coli XPZ1
strain expressing LysargiNase was induced by 1 mM isopropyl �-D-
thiogalactoside (IPTG). The clarified supernatant sample was loaded
onto a pre-equilibrated HiTrap Chelating HP column (GE Healthcare,
Chicago, IL), and the fraction containing pro-LysargiNase was col-
lected. Then, the pooled fraction was buffer-exchanged and acti-
vated at 25 °C overnight by adding 10 mM CaCl2. We acetylated
LysargiNase with acetic anhydride as previously described (34).
Finally, the MWs of purified LysargiNase and Ac-LysargiNase were
measured using ESI-TOF 6210 (Agilent, Santa Clara, CA) and Ex-
active Plus EMR (Thermo Scientific, San Jose, CA), respectively
(35).

Proteolytic Activity Assessment—The purified proteins or proteome
samples were used as substrates to assess the proteolytic activity
of LysargiNase and Ac-LysargiNase. The purified proteins included

BSA, azocasein and antibody, whereas the proteome samples in-
cluded E. coli and yeast TCLs. The samples were digested using
LysargiNase and Ac-LysargiNase and then were analyzed using LC-
MS/MS. The proteolytic activity was determined based on the sub-
strate of azocasein according to a previously described method (31,
41). The protease activity was measured and compared using the
following formulas:

Protease Unit �units/ml� � OD366 � �1000/100� � df

Protease Unit �units/mg� � Protease Unit �units/ml) / c

where df � dilution time, and c � starting concentration.
Sample Preparation for LC-MS/MS Analysis—The samples for the

LC-MS/MS analysis were either in-gel or in-solution digested, as
previously described (36, 37). The samples were reduced using 5 mM

DTT at 60 °C for 15 min and were fully alkylated using 15 mM IAA at
RT in the darkness for 30 min. For LysargiNase digestion, the samples
were solubilized in buffer (20 mM HEPES, 0.05% RapiGest, and 10 mM

CaCl2, pH 8.3) with a final ratio of 1:100 (weight ratio of protease to
protein) and incubated at 37 °C overnight. The digested peptides
were desalted using StageTip (36, 38). The MS analysis was per-
formed using LTQ-Orbitrap Velos (Thermo Electron, San Jose, CA) as
previously described (36, 38). The resulting peptides were resolved in
buffer A (2% acetonitrile in 0.2% formic acid) and loaded onto an
in-house-packed capillary column (75 �m i.d. � 15 cm) with 3-�m C18

beads (Michrom Bioresources, Inc., Auburn, CA). The LC separation
was performed with a 60-min linear gradient from 2% to 40% buffer
B (98% acetonitrile in 0.2% formic acid) at a flow rate of 0.3 �l/min.
The MS1 were acquired in the Orbitrap analyzer with a survey scan
(300–1600 m/z) at a resolution of 30,000 at 400 m/z. The automatic
gain control (AGC) was set as 1e6 with max injection time (MIT) of 150
ms. The MS2 product ions were detected in Orbitrap with a resolution
of 7500 at 400 m/z and fragmented in the HCD mode with normalized
collision energy of 40%. The top 10 most intense ions were sequen-
tially detected with a target value of 5e4 and the MIT allowed ion
accumulation times were 50 ms. The dynamic exclusion time was set
to 30 s. For all full scan with the Orbitrap, a lock-mass ion from
ambient air (445.120024 m/z) was used as an internal calibrant.

Mirror-spectra-finding Algorithm of pNovoM—To compare the re-
tention time of the mirror peptides, the samples derived from the
digestion of trypsin and Ac-LysargiNase were parallelly analyzed
through MS without off-line separation. The retention time was re-
corded for 3,235 mirror peptide pairs. In addition, 22 of the same
peptides identified on both of trypsin and Ac-LysargiNase digested
samples were used to calibrate the systematic shift between these
two different LC-MS/MS analysis. The retention time differences were
always maintained at 0.0 � 4.0 min throughout the entire experiment
(supplemental Table. S14), suggesting that these mirror peptide pairs
could not be fragmented into the same MS2 spectrum.

To determine the mirror pairs, all the spectra of the trypsin and
Ac-LysargiNase data sets were first de novo sequenced by pNovo�
(11). For each trypsin spectrum, all Ac-LysargiNase spectra whose
precursor masses fitted the rules in supplemental Table S2 were found,
and then the top one sequence of each Ac-LysargiNase spectrum was
matched in the trypsin spectrum. The sensitivities and precisions of the
mirror-spectra-finding algorithm with different score thresholds were
tested (supplemental Fig. S15). When the matched score was higher
than 10, the sensitivities and precisions were both higher than 90% on
both the yeast and E. coli data sets. Therefore, two sequences were
considered a mirror pair if the matched score was higher than 10.

De Novo Sequencing Algorithm of pNovoM—Given a mirror spec-
trum pair, some mathematical notations were defined to simplify the
following statement. P and Q were defined as the masses of the
precursor ions in the trypsin and Ac-LysargiNase spectra, respec-

1 The abbreviations used are: Ac-LysargiNase, acetylated lysargi-
Nase; PTM, post-translational modification; FDR, false discovery rate;
PSM, peptide-spectrum match; LC-MS, liquid chromatography mass
spectrometry; SDS-PAGE, SDS-polyacrylamide gel electrophoresis;
ETD, electron transfer dissociation; EThcD, electron-transfer/higher-
energy collision dissociation; CID, collision-induced dissociation;
HCD, higher-energy collision dissociation.
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tively. Pp � �mp, ip	 was defined as the p-th peak in the trypsin
spectrum with mass mp and intensity ip. Qq � �mq, iq	 was defined as
the q-th peak in the Ac-LysargiNase spectrum. Each peak Pp in the
trypsin spectrum was considered to determine whether there was one
peak Qq in the Ac-LysargiNase spectrum whose mass conformed to
any one of the following formulas. (Note: in the following formulas,
128, 156, and 1 denote the exact masses of a lysine residue, arginine
residue and proton, respectively)

mq � mp � 128 (Eq. 1)

mq � mp � 156 (Eq. 2)

mq � mp � 128 (Eq. 3)

mq � mp � 156 (Eq. 4)

mq � �Q � 1� � �mp � 128� (Eq. 5)

mq � �Q � 1� � �mp � 156� (Eq. 6)

mq � �Q � 1� � �mp � 128� (Eq. 7)

mq � �Q � 1� � �mp � 156� (Eq. 8)

Pp and Qq were called reliable peaks if their masses conformed to any
one of these eight formulas, and all other peaks were called common
peaks. The ion types (b or y ion) of Pp and Qq could also be judged
according to their relationship shown in supplemental Table S3. All
peaks, including the reliable peaks and the common peaks in the
trypsin and Ac-LysargiNase spectra, were merged together to con-
struct a spectrum graph. The reliable peaks Pp and Qq were merged
into one reliable node ps � [ms, is]. The mass ms depended on the ion
type of Pp. If Pp was a b ion, then ms � mp 
 1; otherwise, ms � P 

mp. The intensity is was the sum of the intensities of the two peaks Pp

and Qq. Each common peak was converted to two common nodes
using the following method. The common peak Pp in the trypsin
spectrum was converted to two nodes pr � [mr, ir] and pt � [mt, it], in
which mr � mp 
 1, mt � P 
 mp and ir � it � ip. The common peak
Qq in the Ac-LysargiNase spectrum was also converted to two
nodes qr � [mr, ir] and qt � [mt, it], in which mr � mq 
 d 
 1, mt �
Q – mq 
 d and ir � it � iq (note that d was 128 if the first amino acid
in the Ac-LysargiNase spectrum was lysine and 156 otherwise). A
source node and a destination node were added, whose masses were
set as zero and P – w, respectively, where w denoted the summed
masses of a water molecule and a proton. The weights of the two
vertices were both set as zero.

In the first step, only the reliable nodes were considered. For each
pair of reliable nodes u and v, if the mass difference (�500 Da) was
equal to the mass of several amino acid combinations within the
fragment ion tolerance, a directed edge was added from u to v. The
weight of the edge was the weight of node v. The longest M paths
from the source node to the destination node were computed using
the pDAG algorithm (11). The numbers of the longest paths were
analyzed by considering the candidate numbers and the sensitivities.
As shown in supplemental Fig. S16, the default value of M was set as
2 because the average candidate number from the top two paths
divided by that from the top one path was only 3.7, and the sensitivity
of the correct peptides when considering the top two paths could be
as high as 96.6%.

For each path, all the nodes in this path were used to split the
spectrum graph into several subgraphs. For the subgraph in the mass
interval �mi, mi�1	, all common nodes whose masses were in this mass

interval were considered, and the ��mi�1 � mi� � 4
110 � highest intensity

nodes were retained. The longest N paths from mi to mi�1 were

computed using the pDAG algorithm (11). For each subgraph, T
candidate subsequences were retained.

All subsequences created by the subgraphs in one path were
connected as one candidate sequence. The number of all candidate
sequences was M � TP, where M was the number of whole paths, T
was the number of subsequences in one subgraph, and P was the
number of subgraphs in one whole path. All candidate sequences
were scored against the two spectra using the scoring algorithm in
pNovo� (11), and then the two scores were summed together for the
final score.

Method of Obtaining All Amino Acid Permutations—To effectively
determine whether two nodes should be connected by an edge in the
spectrum graph, all amino acid permutations whose masses were
less than 500 Da were enumerated and inserted into a mass hash
table (supplemental Fig. S17). The mass hash table had two arrays of
A and B. Each item in array A restored one amino acid permutation
whose mass was transformed into an integer by multiplying it by
1000. Each item in array B occupied 8 bytes (64 bits), where the first
4 bytes restored the index in A and the last 4 bytes restored the
number of amino acid permutations. As shown in supplemental Fig.
S17, three amino acid permutations, “DDE”, “DED” and “EDD” had
the same mass of 359,096 mDa, assuming that the mass deviation
was 5 mDa. Then, all elements in the mass interval (359,091 to
359,101) (mDa) in B contained the same item: 156 (the index in A)
and 3 (the number of amino acid permutations). Thus, given a mass
m and mass deviation �m, all amino acid permutations whose
masses were within the mass interval [m
�m, m��m] could be
obtained in O(1) time, and the total memory of the mass hash table
was only 34.6 MB.

Parameters of MS Analysis for Database Searching and De Novo
Sequencing—All raw files were searched using pFind (39, 40, 42)
(version 3.1.2) for peptide and protein identification. The MS2 spectra
of the yeast and E. coli data sets were searched against the UniProt
yeast database (released in 2015–01, 6,726 protein entries) and the
UniProt E. coli database (released in 2015–08, 4,319 protein entries),
respectively. The MS2 spectra of Huesgen et al. (32, 45) (referred to
as HDS) and those of Tsiatsiani et al. (30, 37, 45) (referred to as LDS)
were searched against the UniProt human database (released in
2014–10). All three different databases were appended with 286
common contaminant protein sequences. For yeast, E. coli and LDS,
both precursor and fragment mass tolerance were set as �20 ppm
and the open search mode was set to automatically discover highly
abundant modifications that existed in the corresponding data sets.
For HDS, precursor and fragment mass tolerance were set as �20
ppm and �0.5 Da, respectively. Carbamidomethylation of cysteine
was set as a fixed modification, whereas oxidation of methionine and
acetylation of N termini were set as variable modifications. The max-
imum number of modification sites on one peptide sequence was set
as 3. After the database search, peptides were filtered using an FDR
of 1% at the spectrum level, whereas proteins were filtered with an
FDR of 1% at the protein level (41). When computing the protein FDR,
only the peptides that uniquely matched to the corresponding pro-
teins (both target and decoy proteins) were retained. The protein FDR
was calculated by the number of decoy proteins divided by the
number of target proteins.

For de novo sequencing with the three high-resolution data sets,
yeast, E. coli and LDS, the tolerance of precursor ions was �20 ppm
for pNovoM, pNovo� and PEAKS (v7.5). The tolerance of MS2 ions
was �20 ppm for pNovoM and pNovo� and �0.02 Da for PEAKS.
Carbamidomethylation of cysteine was considered as the fixed mod-
ification, and oxidation of methionine was considered as the variable
modification for all three algorithms.
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RESULTS

Superior Activity and Stability of the Newly Developed
Acetylated-LysargiNase—LysargiNase, which improves pro-
tein C-terminal and methylation-site identification, was re-
ported by Huesgen et al. from Overall group in 2015 (32, 33).
To further explore the utility of this protease, we inserted a
DNA coding sequence which codes pro-LysargiNase protein
(342 amino acids) and a 6� Histidine-tag at this protein’s N
termini into pET28a to generate the expression vector pXPZ1
(supplemental Fig. S1 and supplemental Table S1). After
transforming the pXPZ1 into E. coli BL21 (DE3) and induced
by IPTG, the high-purity LysargiNase was obtained through

purification and activation processes (Fig. 1A). The ex-
perimental molecular weight (MW) of the LysargiNase was
29,006.0 Da (Fig. 1B), which was essentially the same as its
theoretical average MW (29,005.3 Da), confirming the purified
LysargiNase is what we expected.

To improve the proteolytic activity and stability of the Lysar-
giNase, we acetylated LysargiNase (Ac-LysargiNase) accord-
ing to our previous study (34). The LC-MS/MS analysis
showed an envelope of the isotope peaks for molecular
weights of the modified LysargiNase. The mass difference
between every two adjacent isotope peaks was 42 Da (Fig.
1C), which is the mass shift for acetylation, indicating the

FIG. 1. Higher activity and stability of newly developed Ac-LysargiNase. A, SDS-PAGE analysis of the purified wild-type LysargiNase (WT)
and its Acetylated form (Ac-LysargiNase). 15% SDS-PAGE was used. B, C, The MWs of LysargiNase and Ac-LysargiNase were determined
with mass spectrometry. D, Self-digestion of LysargiNase and Ac-LysargiNase. The arrow indicates a chromatograph peak for an autolyzed
peptide KIPVVVH of LysargiNase and Ac-LysargiNase. E, Intensity of the same autolyzed peptide from LysargiNase and Ac-LysargiNase. The
digestion time is shown as indicated. F, Comparison of the activity of LysargiNase and Ac-LysargiNase using yeast TCLs as substrate. The
ratios of protease to substrate are shown as indicated. The samples with an asterisk below were analyzed using LC-MS/MS. G, Comparison
of protein identification and self-digestion with the same yeast TCL digested using LysargiNase and Ac-LysargiNase. The same samples were
concurrently analyzed as indicated by the asterisk in panel f.

De Novo Peptide Sequencing Using Mirror Proteases and pNovoM

776 Molecular & Cellular Proteomics 18.4

http://www.mcponline.org/cgi/content/full/TIR118.000918/DC1
http://www.mcponline.org/cgi/content/full/TIR118.000918/DC1


successful acetylation on LysargiNase. Then, we compared
the stability of LysargiNase and Ac-LysargiNase. The results
showed that the intensity of autolyzed peptide (KIPVVVH) of
LysargiNase was much higher than that of Ac-LysargiNase
after 18 h of self-digestion with the same amount of proteases
(Fig. 1D–1E). The numbers of peptide-spectrum matches
(PSMs) and peptides digested by LysargiNase were 214 and
101, respectively, whereas those digested by Ac-LysargiNase
were 129 and 63, respectively (supplemental Fig. S2). These
results suggested that the acetylation of LysargiNase effec-
tively protected itself from self-digestion. More importantly,
we evaluated the digestion efficiency of Ac-LysargiNase and
LysargiNase using a total cell lysate (TCL) of yeast. The ac-
tivity of Ac-LysargiNase was slightly higher than that of Lysar-
giNase as the residual bands in the Ac-LysargiNase-digested
sample were less intense (Fig. 1F). In an LC-MS/MS analysis
of these digested samples with a 1:50 protease-to-substrate
ratio, slightly more peptides and proteins were identified in the
same sample digested by Ac-LysargiNase than those di-
gested by LysargiNase. Consistently, one autolyzed peptide
was detected in the LysargiNase data set, but it did not exist
in Ac-LysargiNase data set (Fig. 1G). These results further
confirmed that acetylation of LysargiNase effectively in-
creased the activity and stability of LysargiNase. Therefore,
Ac-LysargiNase was selected as the mirror protease of trypsin
in this study.

Mirror Protease Strategy for De Novo Peptide Sequenc-
ing—Traditional de novo sequencing with tryptic peptides
suffers from poor coverage of ion series, especially for N-ter-
minal amino acids with low masses. For example, the order of
the two N-terminal amino acids, GL or LG, cannot be deter-
mined in the trypsin spectrum because of the loss of y6 (Fig.
2A). In addition, the types of all fragment ions are unknown.
However, when an Ac-LysargiNase spectrum was introduced
as the mirror of the trypsin spectrum, the b2 ion could be used
to determine the order of the amino acid residues as GL
instead of LG at the N termini. Furthermore, the types of most
ions in both spectra could be deduced. For example, the ion
types of y5 in the trypsin spectrum and b3 in the Ac-Lysargi-
Nase spectrum could be easily determined according to their
masses and the mass of the precursor ion (Online Methods
and supplemental Table S3).

To apply this feature, a mirror peptide pair was defined as two
peptides of the form A1A2 . . . Al�K/R/-	 and [K/R/-]A1A2 . . . Al

from trypsin and Ac-LysargiNase digestion, respectively, in
which Ai �1 � i � l � denotes any one of the 20 amino acids,
and “-” denotes the absence of amino acids (supplemental
Table S2). For example, GLEWVAR/KGLEWVA and GLEWVAR/
GLEWVA are two mirror peptide pairs. A mirror spectrum pair
was defined as two spectra that are respectively matched with
a mirror peptide pair.

FIG. 2. Mirror protease strategy for de novo sequencing. A, The mirror spectra improved the quality of the matched peptide-spectrum
pairs by providing a continuous and complete set of product ions and distinguishable directions of most ions (marked with blue circles, e.g.
vertices 2, 3, 4 and 5). Two dotted peaks denote that b1 and y6 were missing in the trypsin spectrum. B, Workflow of the pNovoM algorithm
based on the mirror protease strategy for de novo sequencing. Mirror spectrum pairs from trypsin- and Ac-LysargiNase-digested samples were
found and sequenced using pNovoM. Then, the two spectra in each pair were integrated into one merged spectrum graph for de novo
sequencing.
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Based on these two unique advantages of the mirror pro-
tease strategy, including nearly full coverage of ion series and
unambiguous ion types (Fig. 2A), we proposed a novel de
novo peptide sequencing algorithm, pNovoM (Fig. 2B). Given
two data sets generated from trypsin- and Ac-LysargiNase-
digested samples, the mirror spectrum pairs can be identified
using the masses of their precursor and product ions. Then,
the two pieces of the mirror spectrum pair can be integrated
into a merged spectrum for de novo sequencing. A detailed
description of pNovoM is provided in the Online Methods.

Precision De Novo Sequencing of Purified Proteins Using
the Mirror Protease Strategy—To evaluate the performance of
pNovoM using the mirror protease strategy, we analyzed two
monoclonal antibodies, PXL1 and PXL2 (supplemental Fig.
S3). The same amounts of proteins were digested with trypsin
and Ac-LysargiNase (Fig. 3A) individually before LC-MS/MS
analysis. The specificities of these two proteases were further
investigated and the result showed that the percentages of
peptides specifically digested by trypsin and Ac-LysargiNase
were 98 and 89%, respectively (Fig. 3B). The percentages of
peptides with at most one missed cleavage were both as high
as 97%.

pFind (40, 42) was used to analyze these MS2 data (param-
eters are shown in Online Methods). A total of 2,621 mirror
spectrum pairs were found according to the spectrum pairing
rules shown in supplemental Table S2. These 2,621 mirror
spectrum pairs corresponded to 59 mirror peptide pairs (sup-
plemental Spectra A), and more importantly, 56 of 59 (95%)
mirror peptide pairs exhibit the full (100%) coverage of ion
series in their mirror spectrum pairs (Fig. 3C), whereas the
corresponding figures for those from trypsin or Ac-Lysargi-
Nase alone were only 28 (47%) and 25 (42%), respectively.

All the 2,621 mirror spectrum pairs were further analyzed
using pNovoM. The same number of spectra from trypsin-
digested sample were analyzed using pNovo� and PEAKS
(v7.5) (Fig. 3A), which represented the traditional de novo
sequencing. The success rates were 87%, 54% and 57%
using pNovoM, pNovo� and PEAKS, respectively (Fig. 3D).
To further validate the de novo sequencing results, the se-
quences provided by these algorithms were compared with
the actual sequences which are known. As shown in Fig. 3E,
pNovoM reported four mismatched amino acid annotations in
two peptides of PXL1. The FDR was 1.0% (4/416) at the
amino acid level and 6.7% (2/30) at the peptide level. In
contrast, the numbers of mismatched amino acid annotations
reported by pNovo� and PEAKS for the same PXL1 were 18
and 19, respectively, which were 3- to 4-fold higher than
that for pNovoM. The FDRs for amino acids were 4.3% and
4.6%, and the corresponding FDRs for peptides were 23.3%
(7/30) for pNovo� and 20.0% (6/30) for PEAKS. Similar re-
sults were achieved using another antibody, PXL2 (supple-
mental Fig. S4). These results indicate that pNovoM coupled
with the mirror protease strategy can provide higher precision

sequencing results for purified proteins than pNovo� and
PEAKS coupled with the trypsin protease alone.

To examine the mechanism underlying the high precision
of mirror protease strategy and pNovoM, we investigated all
15 mismatched peptides reported by these three algorithms
(the asterisks in Fig. 3E). Among them, as many as 13
mismatched peptides (87%) were because of N-terminal
ambiguity, which was caused by the missing b ions in the
low-mass region of traditional MS2 spectra of tryptic pep-
tides. It was even worse when a significant number of
background noise interfered with the correct backbone ions
(21, 43, 34). However, based on the mirror spectrum pairs,
11 or 85% of these 13 peptides could be completely se-
quenced by pNovoM, which demonstrated that the mirror
protease strategy provided more precise sequencing re-
sults, especially for the N termini of peptides.

High Precision De Novo Sequencing of Complex Proteomes
Using Mirror Protease Strategy—We applied the mirror pro-
tease strategy and pNovoM to TCLs of yeast (Fig. 4), E. coli
(supplemental Fig. S5) and human tissue (supplemental Note
3). There were a total of 251,375 spectra sequenced from the
tryptic TCL of yeast and 257,478 spectra from the same TCL
of yeast digested with Ac-LysargiNase. Totally, 839,244 mir-
ror spectrum pairs from 140,580 (55.9%) trypsin spectra and
131,315 (51.0%) Ac-LysargiNase spectra were found by pNo-
voM (Fig. 4A). Among them, one trypsin spectrum could be
paired with 6.0 Ac-LysargiNase spectra and one Ac-Lysar-
giNase spectrum could be paired with 6.4 trypsin spectra on
average. All the mirror spectrum pairs were analyzed using
pNovoM, whereas the trypsin spectra that could not be paired
were analyzed via pNovo� (Fig. 4A). To compare the perform-
ance of pNovoM with existing de novo sequencing algorithms
such as PEAKS and pNovo�, all the trypsin spectra were
analyzed using these algorithms. We used the results from
database search engine pFind (40) as benchmark to evaluate
the performances of different de novo sequencing algorithms
(Online Methods).

Compared with the benchmark results from pFind, the re-
sults from pNovoM could be divided into three classes: (I) the
PSMs sequenced by pNovoM did not exist in the pFind re-
sults using 1% FDR threshold at the spectrum level; (II) the
PSMs sequenced by pNovoM existed in the pFind results but
mismatched; and (III) the PSMs sequenced by pNovoM
matched those in the pFind results. All PSMs were sorted in
descending order, and the FDR at the spectrum level was

estimated as
#class II

#class II � #class III
. When estimating the FDR,

the class I results were not considered because we could not
discriminate between the correct and incorrect results in this
part. Only the best PSM for the same peptide was retained
when estimating the FDR at the peptide level. The results from
pNovo� and PEAKS on trypsin spectra alone were analyzed
using the same approach.
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FIG. 3. Superior precision de novo sequencing of monoclonal antibody PXL1 based on the mirror protease strategy. A, Workflow of
the analysis of two antibody data sets (PXL1 and PXL2) generated from trypsin- and Ac-LysargiNase-digested samples. B, Comparison of the
specificity and miss cleavage of the spectra sequenced from trypsin or Ac-LysargiNase-digested antibody PXL1. C, The distribution of ion
coverage of trypsin, Ac-LysargiNase and mirror spectra. D, Identification rates of the spectra for each peptide from pNovoM, pNovo� and
PEAKS. The blue numbers indicate the average percentage of the correctly sequenced mirror spectrum pairs, and the blue bar chart denotes
the number of mirror spectrum pairs for each mirror peptide pair. E, The peptides sequenced by three algorithms on the heavy and light chains
of PXL1. The three different color lines were the results of pNovoM (green), pNovo� (blue) and PEAKS (red). The asterisks denote incorrect
residues. The false amino acids matching was listed as the number showed.
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The FDR of the pNovoM results at the spectrum level was
25%, whereas the corresponding FDRs were 41% and 48%
for pNovo� and PEAKS, respectively, suggesting the superi-
ority of pNovoM in analyzing complicated proteome sam-
ples (Fig. 4B). Consistently, the distribution curves showed
that pNovoM reported significantly more spectra than those
of the other two algorithms at any FDR threshold applied. For
example, pNovoM interpreted 38,001 spectra at 5% FDR at
the spectrum level, which corresponded to 21,249 peptides
from 3,753 proteins. The numbers of spectra detected by
pNovoM were 44.4% and 151.6% more than those obtained
from pNovo� (26,325) and PEAKS (15,105), respectively (Fig.
4B). We further investigated the overlap of the correct PSMs
from all three algorithms. pNovoM covered 98.1% of the
PSMs detected by pNovo� and 93.5% of those detected by
PEAKS (Fig. 4C). On the other hand, pNovoM sequenced
11,126 unique spectra at 5% FDR, which was quite close to
the total number of 15,105 spectra sequenced by PEAKS,
suggesting an advantage of pNovoM for large-scale de novo
sequencing. More importantly, although the FDR was set at
5% in every method, the consistently sequenced spectra
were more credible because the actual FDR of this part was
only 2.7%, which was remarkably lower than the threshold of

5% FDR. In contrast, FDRs of the spectra sequenced uniquely
by pNovo� and PEAKS were both over 20%, whereas that of
pNovoM was 5.3%, which was very close to the threshold of
5% FDR (Fig. 4C). Further analysis showed that the high
precision of the uniquely sequenced spectra from pNovoM
may be because of the high coverage of b ions, which was
mainly contributed from Ac-LysargiNase (supplemental Fig.
S6). Consistently, the FDR of pNovoM was also significantly
lower than those of pNovo� and PEAKS at the peptide level
(Fig. 4D). Although the FDRs of the uniquely sequenced pep-
tide subgroup were slightly higher than those of the corre-
sponding spectra parts, pNovoM still reported the most pep-
tides with the lowest FDR (Fig. 4E). These results emphasize
that pNovoM can be applied to proteome-level de novo se-
quencing. However, neither pNovo� nor PEAKS can be uti-
lized for this purpose, owing to their significantly higher error
rates.

Near-complete Ion Coverage from the Complementary Ef-
fects of b and y Ion Series Enables the Precision De Novo
Sequencing—Because de novo sequencing strongly depends
on the coverage of ion series, we were curious about the ion
coverage of the peptide/spectrum from trypsin, Ac-Lysargi-
Nase and the mirror pair formed from these two proteases. In

FIG. 4. Proteome-level de novo sequencing of yeast based on the mirror protease strategy. A, Workflow for the de novo sequencing
and FDR evaluation at the proteome level. B, FDR curves of pNovoM, pNovo� and PEAKS at the spectrum level. C, Venn diagram of the
spectra sequenced with pNovo�, PEAKS and pNovoM at 5% FDR at the spectrum level. The red numbers in parentheses denote the FDRs
of the corresponding parts. D, FDR curves of pNovoM, pNovo� and PEAKS at the peptide level. E, Venn diagram of the peptides sequenced
using pNovo�, PEAKS and pNovoM at 5% FDR at the peptide level.
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the yeast data set, we identified 16,514 mirror peptide pairs
via pFind (40), which was used to create the benchmark
(supplemental Note 1 containing supplemental Figs. S7 and S8).
The average coverage of b and y ions was 40.0% and 91.7%,
respectively, in the trypsin-digested sample and 87.5% and
33.3%, respectively, in the Ac-LysargiNase-digested sample
(Fig. 5A). After merging the spectra to form the mirror spectrum
pairs, the average coverage of both b and y ions was increased
to 90.0% and 92.3%, respectively (Fig. 5A). The b ion intensity
increased 3.9-fold because of the application of Ac-Lysargi-
Nase, which increased b-to-y ion intensity ratio from 0.3 (2
1.6)
in the trypsin spectra to 0.7 (2
0.6) in the mirror spectrum pairs
(Fig. 5B). Impressively, we found that the percentage of
mirror spectrum pairs with complete ion coverage was as
high as 97%, but was only 50% in either trypsin or Ac-
LysargiNase spectra alone (Fig. 5C). These results strongly
supported that nearly all mirror spectrum pairs covered full
set of b and y ions.

The 16,514 mirror spectrum pairs were then sequenced
using pNovoM, whereas the trypsin spectra alone were se-
quenced using pNovo� and PEAKS. For each algorithm, the
top ten matched candidate peptide sequences of each spec-
trum were retained. The database search results were con-
sidered as the ground truth for evaluating the sensitivity of

these three de novo algorithms. As shown in Fig. 5D, the
sensitivity of the top one candidates was only 70% for either
PEAKS or pNovo�, whereas the sensitivity of pNovoM was as
high as 86.0%. Moreover, the difference between the top one
sensitivity and the top two sensitivity was 10.2% for both
pNovo� and PEAKS, but was only 5.8% for pNovoM, sug-
gesting that pNovoM is more powerful to distinguish the top
two candidates. This is a unique advantage of pNovoM com-
pared with traditional approaches.

We have also tested pNovo� and PEAKS using the same
data set of mirror spectrum pairs. Both the trypsin and Ac-
LysargiNase spectra were analyzed with pNovo�/PEAKS as
well. Each mirror spectrum pair was assigned two sets of
candidate sequences (one from a trypsin spectrum and the
other from an Ac-LysargiNase spectrum). The mirror spec-
trum pair was considered correctly interpreted when either
one best peptide from the two sets matched to the database
search results, then the sensitivities of both pNovo� and
PEAKS increased to 84%. However, even with this optimis-
tic estimation, the sensitivity of either pNovo� or PEAKS was
still 2.5% lower than that of pNovoM (Fig. 5D). This result
further demonstrated that both the mirror spectrum pairs and
the pNovoM algorithm contributed to the precision de novo
sequencing at the proteome level. The data set generated

FIG. 5. Mirror spectrum pairs achieved near-complete ion coverage. A, Percentages of matched b and y ions in trypsin, Ac-LysargiNase
and mirror spectra. B, The distributions of the intensities of the matched b and y ions in trypsin, Ac-LysargiNase and mirror spectra. C, The
distributions of ion coverage in trypsin, Ac-LysargiNase and mirror spectra. D, In all 16,514 mirror spectrum pairs, the cumulative curves of the
number of correctly matched spectra from top one to top ten candidates of pNovoM, pNovo�, pNovo� (T�L), PEAKS and PEAKS (T�L). (T�L)
denotes that both trypsin and Ac-LysargiNase spectra were considered. Numbers below the arrows indicate the increase from the top one
sensitivity to the top two sensitivity.
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from the TCL of E. coli provided a similar result, which sup-
ported this conclusion as well (supplemental Fig. S9).

Mirror Protease Strategy for Precision De Novo Sequencing
on Long Peptides—Previous studies have reported that the
ion coverage negatively correlated with the length of peptides,
which indicates a challenge to sequence long peptides (11,
44, 45). We investigated the impact of peptide length on de
novo sequencing. The consistency analysis of all correct pep-
tides sequenced using pNovoM, pNovo� and PEAKS was
performed in yeast (Fig. 6A) and E. coli (supplemental Fig.
S10A). As shown in Fig. 6A, there were 10,009 peptides
sequenced by all three approaches, which represented
70.5% of all peptides sequenced by pNovoM. We investi-
gated the length distributions of the 10,009 consistently se-
quenced peptides and the 1,930 uniquely sequenced pep-
tides of pNovoM (Figs. 6B and supplemental S10B). Clearly,
the length distribution of the uniquely sequenced peptides
was skewed to the right side compared with that of the
consistently sequenced peptides. The result showed that
15.2% of the peptides uniquely sequenced by pNovoM have
more than 18 amino acids. However, only 3.2% of the con-
sistently sequenced peptides have more than 18 amino acids.
This result suggested that pNovoM showed unique advantage

in sequencing long peptides over the other two algorithms. To
further reveal the mechanism of mirror spectrum pairs on de
novo sequencing of long peptides, we also studied the ion
position and the matched ion ratio of the identified peptides.
As shown in Fig. 6C, if the trypsin spectra alone were
considered, the b ions near the N termini of peptides and
the y ions near the C-termini of peptides (ions with low
masses) were easy to be detected, whereas ions in the
central part of long peptides (ions with high masses) were
more likely to be missed. This resulted in that only short
peptides can be sequenced if only trypsin alone was used.

A previous study showed that b1 ions could easily be
missed in HCD spectra of tryptic peptides (46). Therefore, the
order of the first two N-terminal amino acids could not be
determined if the yn-1 ions (n was the length of the peptide)
were not detected. We also investigated the match between
the ions of the N- (leftmost) and C-terminal (rightmost) three
amino acids of the 1,930 uniquely sequenced peptides using
pNovoM (Fig. 6D). Consistently, there were 79.1% of spec-
tra in which both b1 and yn-1 ions missed in our tryptic data
sets (38). However, the missing rate of b1 and yn-1 ions
dropped to 7.6% if the mirror protease strategy was adopted
(Fig. 6D). These results strongly indicated that the Ac-Lysar-

FIG. 6. Mirror protease strategy sequenced more long peptides and increased the ion coverage, especially for the N termini of
peptides. A, Venn diagram of the correct peptides sequenced using pNovoM, pNovo� and PEAKS. B, The distributions of the length of the
peptides consistently sequenced using all three algorithms and uniquely sequenced using pNovoM. C, Relationship between the ion position
and the matched ion ratio of the mirror peptide pairs (length � 30). D, The distributions of the N- and C-terminal-most three-product ions for
the 1,930 peptides uniquely sequenced using pNovoM. The blue numbers denote the percentage of the spectra without any ions at the
corresponding ion position.
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giNase spectra could provide enough complementary ions to
enable the precision de novo sequencing.

DISCUSSION

Precision de novo peptide sequencing is hindered by poor
coverage of b and/or y ion series. In this study, we developed
Ac-LysargiNase, which showed higher activity and stability
than the commonly used LysargiNase. Ac-LysargiNase pro-
vides not only the better coverage and stronger signal of b
ions compared with tryptic peptides, but also can work with
trypsin to create a complementary ion series which can nearly
cover all amino acid residues of sequenced peptides. The
types of these ion series generated independently from Ac-
LysargiNase and trypsin can be examined by each other.
More importantly, the mirror spectrum pairs provide more
N-terminal ions to discriminate N termini amino acid residues
of peptides. Based on these characteristics, a novel de novo
peptide sequencing algorithm, pNovoM, was designed to
merge the mirror spectrum pairs, which made de novo se-
quencing possible. This new technology can be applied not
only to purified proteins but also to complicated proteome
samples.

Superior activity and stability of LysargiNase are the keys to
generate paired mirror peptides for de novo sequencing in this
study. As the original LysargiNase could cleave dimethylated
but not acetylated lysine residues (31, 32), we developed the
acetylated LysargiNase (Ac-LysargiNase) to avoid autolysis.
As expected, the acetylation significantly improved the stabil-
ity and activity of original LysargiNase. This result was further
validated by analyzing the data sets generated by Huesgen et
al. (32, 39) and Tsiatsiani et al. (30, 39) (supplemental Note 2
containing supplemental Figs. S18, S19, and S20). There were
fewer identified peptides from the data sets digested by
LysargiNase than those digested by Ac-LysargiNase if the
peptides identified in the corresponding data sets digested by
trypsin were used as standard.

Different collision modes can also provide more fragment
ions in MS2, which may play a similar role to the mirror
protease strategy in de novo sequencing. We studied the ion
coverage of trypsin or LysargiNase spectra produced with
HCD or ETD by Tsiatsiani et al. (30, 39). In the combination of
b ions and c ions from HCD and ETD spectra of tryptic
peptides (supplemental Fig. S11A), the coverage of N-termi-
nal ions was only 60%, whereas that of the C-terminal ions
was close to 100%. This data suggested that the combination
of y and z ions in trypsin HCD and ETD spectra could poten-
tially be applied in the near future in de novo sequencing
though the two independent series of ions cannot examine
each other as mirror proteases do. Although there is only
about 70% of c ion coverage in the ETD spectra of Lysargi-
Nase digested peptides (supplemental Fig. S11B), there are
almost no z ions in the same spectra, which was also previ-
ously confirmed by Lys-N spectra in ETD reported by Taoua-
tas et al. (28). More specifically, the N-terminal ion coverage

was only 60% in LysargiNase spectra and the C-terminal ion
coverage was only 29% in trypsin spectra, suggesting that the
HCD/ETD could not generate a good coverage of N- or C-ter-
minal ions in either trypsin or LysargiNase spectra. However,
in our mirror protease data sets, both the N- and C-terminal
ion coverage was greater than 90%, indicating that the mirror
protease strategy could provide nearly full coverage of N- and
C-terminal ions compared with the HCD/ETD strategy.

To further investigate the impact of different collision dis-
sociation and mirror protease strategy on de novo sequenc-
ing, we also analyzed the public data sets that generated by
HCD and ETD on digested TCL of Jurkat T lymphoma cells
with trypsin and LysargiNase (30, 39). The parameters de-
scribed by Tsiatsiani were used for the database search (30).
In that data set, each peptide corresponded to one of the four
spectra, including trypsin-HCD, trypsin-ETD, LysargiNase-
HCD and LysargiNase-ETD (supplemental Fig. S12A–S12C).
The sensitivity of the best match (top one) was only 73.6% if
only trypsin-HCD spectra were considered as in the traditional
de novo sequencing mode (supplemental Fig. S12D). Com-
paring the HCD/ETD strategy (trypsin-HCD/trypsin-ETD) with
the mirror protease strategy (trypsin-HCD/LysargiNase-HCD)
developed here, the sensitivities of these two strategies were
90.0% and 87.6%, respectively, suggesting the competitive
advantage of these two strategies. If all four spectra were
included, the sensitivities of the top one and top three candi-
dates were 95.6% and 99.1%, suggesting that the HCD/ETD
and the mirror protease strategies were highly complemen-
tary. The advantage of combinations of HCD/ETD and mirror
proteases in de novo sequencing remains to be studied in the
near future to achieve even better performance than the da-
tabase search approach.

De Novo Sequencing Is Also a Powerful Approach for PTM
Studies, e.g. Phosphorylation with Large Scale MS/MS
Data— By using the mirror protease strategy, we have found
that pNovoM still outperformed pNovo� and PEAKS on phos-
phorylation spectra, which proved that the mirror protease
strategy and pNovoM software have more advantages on
such post-translational modified data (supplemental Note 3).
Another application of de novo sequencing in large scale
proteomics is to precisely identify single amino acid polymor-
phism. In the yeast data set, 57 peptides with single amino
acid mutations were sequenced by the mirror spectrum pairs,
which is significantly higher than 38 found by the trypsin
spectra alone (supplemental Spectra B and C). These peptide
mutants were manually validated using high-quality PSMs.
The amino acid mutation loci, the titles of the corresponding
spectra and the protein accession numbers were included in
supplemental Tables S4 and S5. The score distributions dem-
onstrated that these mutant peptides sequenced by the mirror
spectrum pairs were more accurate than those sequenced by
the trypsin spectra alone (supplemental Fig. S13). These re-
sults revealed that the mirror protease strategy will be a
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powerful tool in the detection of mutations and single amino
acid polymorphisms in the near future.

It is worth mentioning that the workload doubles to gener-
ate the mirror spectra for de novo sequencing. It is also
important that the current mirror proteases of Ac-LysargiNase
and trypsin only provide sequence information on peptide
level. The continuous exploration of other paired mirror pro-
teases that provides the linkers between the sequenced pep-
tides may be necessary for sequencing the whole protein in
de novo sequencing technique.
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